. Moreover, as plants reside at the lower ranks in the food chain, their bioaccumulation can lead to severe toxicity in tertiary consumers, including humans [8] [9] . Therefore, once entered in the human bodies through the food chain, many of these compounds can result in renal disorders, liver diseases, and alteration in DNA [1, 10] . Besides, the presence of EEO in soil can also disturb soil ecology, soil fertility, and alteration of soil structure leading to crop contamination [11] .
Recently, phytoremediation has been proven to be one of the best and most cost-effective technologies for restoring the contaminated environment [12] [13] . However, the overall success of phytoremediation has remained limited in several ways [14] . One reason behind this limitation is less understanding of plant response to contamination. It has been suggested that the study of plant tolerance during the phytoremediation processes may serve as an important feature toward decontamination [15] . In this regard, many studies have been conducted to evaluate the plant response in terms of traditional growth parameters (root length, shoot length, and dry weight) and biochemical/molecular analysis [16] [17] . The research conducted on biochemical assays appears to be promising for better understanding of plant responses to toxic environments [18] .
The application of bioassays in phytotoxicity assessment has gained widespread attention in the last 20 years. One way of assessing these phytotoxic responses is by measuring the production of reactive oxygen species (ROS), as they are regulated by biotic and abiotic stresses [19] . Enhanced generation of ROS deteriorates the cell redox status [20] -especially by damaging biological molecules (nucleotides, proteins, carbohydrates, fatty acids, etc.) and membrane structures by induction reactions [21] . As ROS accumulation is chemically toxic, plants exhibits antioxidative mechanisms and a number of enzymatic processes, e.g., superoxide dismutase activity, catalase activity, etc. Superoxide dismutase (SOD) lead to the reduction of oxygen (O 2 ) to hydrogen peroxide (H 2 O 2 ), which is subsequently reduced to water (H 2 O) by catalases [22] . Therefore, the extent of abiotic stress is indicated by these enzymatic and buffering processes. The current study was conducted to investigate the hypothesis that EEO exposure to 4 O'clock (Mirabilis jalapa) causes an oxidative stress response during phytoremediation. Precisely, the objectives of the current study are to: 1. Study the germination potential of the plant (Mirabilis jalapa). 2. Ascertain plant growth parameters. 3. Investigate the physiological responses in terms of biochemical assays in the presence of different EEO concentrations. , organic matter 1.64%, organic carbon 0.95%, nitrogen 0.003%, sand 50%, silt 37.5%, and clay 2.5%), after passing through a 2 mm sieve and spiking with different concentrations of EEO, was filled into pots (1.5 kg soil pot -1 ) and subsequently placed in a greenhouse. Mirabilis jalapa was shown to tolerate, extract, and/or sequester a variety of contaminates such as diesel, nitrobenzene, and heavy metals in the previous studies and, hence, was chosen as the host plant [23] [24] [25] . In order to avoid any issues in germination, certified plant seeds were procured from Punjab Seed Corporation. The phytotoxicity study was examined through seed germination and plant growth as suggested earlier [26] [27] . For this purpose, the pre-screening germination test was carried out on the basis of percentage of age germination, and seedlings with poor growth were removed. A total of 66 pots (33 for each plant) were prepared with different concentrations of EEO (0, 0.5, 1, 1.5, 2, 3, 4, 5, 7.5, 10, and 15 mL) and pots were kept in randomized complete block design (RCBD). Each treatment was further triplicated to minimize the standard error.
Materials and Methods

Experimental Design
Plant Biomass Analysis
After completion of an incubation period (48 days), plant shoots were cut 1 cm above ground and roots were separated from soil carefully with washing several times to avoid discrepancies in biomass calculation. The total numbers of leaves were counted, including damaged ones. Afterward, fresh and dry biomass of shoots and roots were estimated as explained previously [28] . Furthermore, plant agronomic characters such as average shoot length and root length were measured using ImageJ software [29] . The selection of plants for the biomass calculation was performed using a ranked set sampling procedure as explained previously [30] [31] . Lastly, toxicity index (TI) was calculated to elucidate the EEO stress on plant biomass modifying the given existing formula [32] .
Residual EEO Analysis
The soil samples were analyzed before and after cultivation to quantify the residual EEO using FTIR, as explained previously [33] .
Plant-Biochemical Analysis
The biochemical analyses were performed to assess the plant response in terms of chlorophyll content, superoxide dismutase (SOD) activity, catalase activity, and soluble protein content. All of the analyses were limited to 2% EEO concentration as the higher percentages did not yield required biomass for the analysis. The analyses were based on improved methodologies adopted by different authors in earlier studies [34] [35] [36] . Chlorophyll Determination: The chlorophyll meter (SPAD-502Plus) was used to estimate the overall chlorophyll content (non-destructive method). Moreover, the individual pigment content was also determined in terms of chlorophyll a, b, and total content using the destructive method. For this purpose, 250 mg of leaves material were taken and grounded with 1.5 mL of 80% ethanol using a mortar and pestle. The resulting homogenate was centrifuged for 15 minutes at 800 rpm. Finally, the obtained supernatant was tested in a UV spectrophotometer (UV-1900 BMS), and absorbance was recorded at 645 and 663 nm as explained previously [37] . The following formulas were used for the calculations:
Chlorophyll a (µg g SOD Determination: For SOD determination, extracts were prepared by homogenizing the plant tissue with 2 mL of 0.05 M potassium phosphate at pH 7.8, leading to centrifugation at 20,000 g for 10 minutes. Afterward, the reduction of nitro blue tetrazolium (NBT) was followed at 560 nm through a spectrophotometer. Briefly, two tubes were used, each having 13mM methionine, 0.1 mM EDTA, 2 mL 1.0 mM sodium cyanide (NaCN), 2.0 µM riboflavin and 75 µM NBT as substrate. One tube was used as a sample having a reaction mixture with 5.0µl extract of enzyme while the other tube had a reaction mixture only (without enzyme extract) and was covered with a black cloth. Finally, the absorbance of both illuminated and nonilluminated tubes were compared to assess SOD activity [36] . Catalase Activity Assay: In order to assess the catalase activity, reaction was carried out using two buffer solutions, i.e., 50 mM potassium phosphate (pH 7.0) as buffer A, and the mixture of 0.036% H 2 O 2 solution in 50 mM potassium phosphate as buffer B. The reaction mixture comprised 0.1 mL of enzyme extract and of 2.9 mL buffer B, while control consisted of only 3.0 mL of buffer A. The enzyme activity was measured at 240 nm as explained earlier [35] . Soluble Protein Content Determination: The plant matter was homogenized with 0.1 M phosphate buffer, which was further centrifuged at 10,000 rpm for 10 minutes. Analyses were conducted on the resulting supernatants. The reaction mixture was comprised of 2 mL of Biuret reagent and 0.1 mL of supernatant, whereas control was 0.1 mL of distilled water. Reading was taken at 545 nm using a UV-spectrophotometer. The final amount of protein was evaluated from a standard curve of known protein concentration, initially prepared from bovine serum albumin [34] .
Statistical Analysis
Plant biomass, residual EEO estimation, and biochemical results were interpreted using Minitab software (version 16.0). One-way analysis of variance (ANOVA) was used for the comparisons between the treatments considering Kruskal-Wallis test as non-parametric test [38] . Moreover, the cluster analysis (CA) was applied to identify the similarities between different EEO-contaminated treatments. The analysis was based on the Euclidean distance method that produced dendrograms with exceptionally well-defined clusters, where each cluster includes treatments with a similar plant response data.
Results And Discussion
Plant Biomass
Growth parameters (i.e., seed germination, root and shoot fresh and dry weights) were determined to assess the effects of different concentrations of EEO on plant development. In the absence of the contaminant, there was significantly more seed germination, shoot length, root length, and plant biomass (root and shoot); however, a gradual decrease was observed with increasing EEO concentrations ( Table 1 ). This could be due to the fact that the presence of high organic carbon content results in changes in physicochemical properties of soil -especially the decreased availability of nutrients and water [39] [40] . Likewise, higher EEO concentrations resulted in the delay in seed germination, but all of the seedlings were able to survive at the end of the incubation period (data not presented). This could be due to the fact that early seedlings are sensitive to the oxidative stress that was later adopted by the embryo [15, 41] . Many other studies have also reported the significant reduction of germination at higher concentrations of spent engine oil as well as lubricating oil [42] [43] [44] [45] .
The highest tolerance level was observed at lower contaminations, whose strength was decreased with increases in the EEO concentration. Agbogidi and Ohwo [46] have also reported a tolerance index of 71.92% for Jatropha curcas at the lowest pollution level of engine oil, which decreased with increasing concentrations of SEO in soil.
Furthermore, with the increase in EEO concentrations, the total number of leaves was decreased compared to control; and the average damage was high at high EEO concentrations in grown plants compared to the lower EEO concentrations in grown plants (Table 2) . Previously, different authors have reported the higher number of leaves in control compared to the other treatments polluted with different concentrations of spent engine oil [42, 47] .
Chlorophyll Analysis
Chlorophyll analysis revealed highest chlorophyll in control experiment, whereas lower values were observed for 10% and 15% EEO grown plants (SPAD values) as shown in Table 2 . Similarly, Adenipekun [42] also reported the negative effects of engine oil on the photosynthetic activity of the plants.
Biochemical Analysis
All the biochemical analyses were performed only up to plants cultivated on 2% EEO-contaminated soil because the higher concentrations significantly reduced plant biomass (Fig. 1) . The significant reduction in biomass could be attributed to the increased production of reactive oxygen species (ROS), whose strength was further increased with increases in biotic and abiotic stresses, i.e., less availability of oxygen, water, nutrients, etc. [19] . It has been well established that the higher pollutant levels can increase the toxic ROS load exceeding the capacity of the plants' antioxidant systems. Resultantly, the excess ROS may cause significant reductions in plant biomass as well as the damage to tissue and organelle structures [26] . Chlorophyll Pigment Analysis: Individual assessment of both pigments (chlorophyll a, chlorophyll b) and total chlorophyll content suggest that highest concentrations of chlorophyll a and b were observed in control, whereas the pigment concentration gradually decreased as EEO concentration increased. Moreover, differences in concentrations of chlorophyll a between the first treatment and control is not significant and hence the overall decrease is attributed to the decreasing concentration of chlorophyll b (Table 3 ). The reduction in chlorophyll pigments is attributed to the hindrances in the metabolic pathway of chlorophyll synthesis, especially by inhibiting Each value is the mean of three replicates; means in the same column followed by the same letter are not significantly different at a 5% level of significance; the standard error of three replicates is presented in parentheses. Table 1 . Effects of different exhausted engine oil (EEO) concentrations on seed germination, plant length (shoot and root lengths), plant weight (shoot and root) fresh weights and dry weights after 48 days of sowing. Each value is the mean of three replicates; means in the same column followed by the same letter are not significantly different at a 5% level of significance; the standard error of three replicates is presented in parentheses.
protochlorophyllidine reductase and/or the water-splitting enzyme located at the oxidizing site of photosystem II [48] [49] . Superoxide dismutase (SOD) Assay: The SOD assay reflects the increase in superoxide dismutase activity with increasing levels of EEO concentration in the soil.
The maximum values were observed in the presence of 2% EEO, whereas lower activity was observed in the control. A detailed description on SOD values is presented in Table 3 .
Catalase activity Assay (CAT):
The CAT assay elucidates a progressive decrease in the CAT values with increasing stress level due to EEO. The controlled plants exhibited highest CAT contents and the lowest activity was observed at 2% EEO concentration (Table 3 ). This could be due to the stress response of the plant to the increased ROS production [11] . Soluble protein content (SPC): A gradual decrease in soluble protein content was observed with increasing concentration of EEO and the highest value was observed in control soil. Moreover, a statistically significant difference was observed among all treatments ( Table 3 ). The decrease in SPC reflects the degradation of plant enzymes due to hydrocarbon stress as well as disturbed metabolism [50] . Conclusively, EEO treatment increased the SOD activities, leading to a gradual decrease in CAT and SPC content. This finding is broadly consistent with abiotic stress responses caused by excess ROS activity through enzymatic reduction [26, 51] .
Residual EEO
Our analysis reveals that maximum EEO removal was observed in soil with its lower concentration, which was later decreased with increases in concentration (Table 4) . Similar results were reported by [25] , in that Mirabilis jalapa can remove the petroleum hydrocarbons. However, removal efficiency is greatly impacted by the concentration of petroleum contaminants. Each value is the mean of three replicates; means in the same column followed by the same letter are not significantly different at a 5% level of significance; the standard error of three replicates is presented in parentheses. Fig. 1 . Classification of the treatments produced by Q-mode cluster analysis using Euclidean distance. Each value is the mean of three replicates; means in the same column followed by the same letter are not significantly different at a 5% level of significance; the standard error of three replicates is presented in parentheses.
Cluster Analysis
Cluster analysis resulted in the grouping of treatments into two main clusters (Fig. 1) . Cluster A represent the treatments with lower EEO concentrations (0 to 2.0) and therefore had less toxic effects on the plants, whereas Cluster B groups all had higher concentration treatments (3.0 to 15.0) with significantly higher toxicity. The clustering further supports the limitation of biochemical analysis up to 2% EEO concentration.
Conclusions
In a nutshell, our study concludes that the increasing concentration of EEO significantly affected plant health (i.e., M. jalapa) in terms of germination rate, plant biomass, chlorophyll content, and production of reactive oxygen species. The high biomass and successful germination rate is observed in the plants grown at lower EEO concentrations (i.e., <2%) compared to the plants grown at higher concentrations (i.e., >2%). The finding is further confirmed with enzymatic assays indicating the presence of high reactive oxygen species. Finally, the study confirms the toxic nature of EEO, and the results reflect that the plant is least suitable for phytoremediation of EEO but, in future, may be considered with improved phytotechnologies, i.e., a plant-bacteria partnership (rhizobacteria and endophytic bacteria) [12, 39, 52] .
